Achromobacter xylosoxidans, an opportunistic pathogen, is responsible for various nosocomial and community-acquired infections. We isolated phiAxp-3, an N4-like bacteriophage that infects A. xylosoxidans, from hospital waste and studied its genomic and biological properties. Transmission electron microscopy revealed that, with a 67-nm diameter icosahedral head and a 20-nm noncontractile tail, phiAxp-3 has features characteristic of Podoviridae bacteriophages (order Caudovirales). 
. One of the main threats from A. xylosoxidans is the high rate of resistance it has to antibiotics. This species exhibits innate resistance to many antibiotic types, including cephalosporins (except ceftazidime), aztreonam, and aminoglycosides 5 . In the last few years, numerous cases of multidrug-resistant A. xylosoxidans infections have been documented in immunocompromised and cystic fibrosis patients 6 , and this has complicated the treatment of such infections. Little is known about the optimal therapy for A. xylosoxidans. In addition to the known intrinsic antibiotic resistance patterns in A. xylosoxidans, acquired resistance is also widely reported for this bacterium 7 . One potential option to combat A. xylosoxidans is use of bacteriophages 8 . Biocontrol using phages can be applied through food, agriculture, and medical fields 9 . Phages have higher bacterial specificity than antibiotics and have the advantage of minimal impact on commensal bacteria in the host 10 . Accordingly, phages that specifically target A. xylosoxidans may be a good choice for the control of A. xylosoxidans infections, especially for antibiotic-resistant A. xylosoxidans since avoiding an antibiotic treatment would avoid the spread of multiresistant bacteria 11 . Additionally, phages play an important role in bacterial evolution and microbial ecology 12 . The genes and activities of phages are suggested to be a driving force in maintaining genetic diversity of the bacterial community 13 . To date, however, only a few A. xylosoxidans-specific phages have been studied in detail 14 , there are only three reported fully sequenced A. xylosoxidans phages, including phiAxp-1 (GenBank accession number KP313532) 15 , JWAlpha (KF787095) 14 and JWDelta (KF787094) 14 . Thus, isolating and characterizing new A. xylosoxidans phages is an essential prerequisite for developing efficient biocontrol agents against A. xylosoxidans. Herein, we isolated and genome sequenced a virulent A. xylosoxidans bacteriophage (phiAxp-3) of the Podoviridae family and identified its receptor. We also investigated the effect of various physicochemical treatments on phage stability.
Results and Discussion
Morphology and host range. Phage phiAxp-3 was isolated from raw hospital sewage in China, using the A. xylosoxidans A22732 strain as the host; this bacterium produces OXA-114e and IMP-1 carbapenemases, which confer resistance to multiple β -lactam antibiotics including carbapenems 16 . Phage phiAxp-3 formed round plaques with transparent centres on double-layer plates (Fig. 1a) . Transmission electron microscopy of the phiAxp-3 particles showed that phiAxp-3 possesses an isometric head with a diameter of about 67 nm and a short tail with an approximate length of 20 nm (Fig. 1b) , thereby matching the typical morphological features of Podoviridae family viruses. Host range testing suggested that phiAxp-3 was able to successfully infect all A. xylosoxidans strains tested, unlike other species that were tested (Table 1) . Besides the A22732 strain, which is reported to be multidrug-resistant 16 , all three of the other clinical A. xylosoxidans strains investigated here have been shown to be resistant to aztreonam and tobramycin 15 .
One-step growth curve. We performed a one-step growth curve experiment for phiAxp-3 to determine its latent time period and phage burst size. Burst size and latent period in phages are influenced by the host, the composition of the growth medium, the incubation temperature and the specific growth rate 17 . The latent period for phiAxp-3 was about 80 min, after which there was a gradual increase in the number of viral particles released (Fig. 1c) . It took about 40 min for the phages to reach the growth plateau phase and this resulted in burst sizes of ca. 9000 plaque-forming units (PFU) per infected cell. Phage stability. Figure 2a shows the pH sensitivity of phage phiAxp-3. The phage titres decreased to different extents when the pH was above or below 7. At pH 4 and pH 10, reductions of 90.25% and 75.76% in phage particle counts were observed, respectively. Almost no viral particles were detected at pH 1 and pH 14. The viability loss when phiAxp-3 was subjected to temperatures of 25 °C, 37 °C, 50 °C, 60 °C, 70 °C and 80 °C is shown in Fig. 2b . A control at temperature of 4 °C was also included. The phage titres reduced dramatically at 50 °C, 60 °C, 70 °C and 80 °C. After 75 min at 50 °C, the phage titre reduced by 91.2%. At 80 °C, a 99.86% reduction in viral particles was recorded after 15 min, and compared with the control, after 75 min only 0.0002% of the viral particles were detected. Scarcely any reduction in the phage titres were observed at 4 °C, 25 °C and 37 °C after 75 min of treatment. The survivor curves for phiAxp-3 in different biocides are shown in Fig. 2c,d . The results show that the presence of ethanol at low (10%) and high (95%) concentrations reduced the phage titres (Fig. 2c) . The phage titres reduced by 20.75%, 69.76% and 99.62% after 75 min of treatment with isopropanol at 10%, 50% and 95%, respectively (Fig. 2d) . Divalent ions such as Ca 2+ or Mg 2+ are necessary for phage attachment and intracellular growth 18 . phiAxp-3 showed divalent cation dependency for plaque development, but the concentration of Ca or Mg 2+ had to be less than or equal to 20 mM (Fig. 2e ).
Genomic features of bacteriophage phiAxp-3. Analysis of a bacteriophage's genome is an important preliminary step towards the development of phage therapy 19 . Whole-genome sequencing and assembling of the phiAxp-3 genome generated a circular molecule of 72,409 bp in size. The assembly was terminally permuted but not redundant after the original sequencing was completed. An initial whole genome Basic Local Alignment Search Tool (BLAST) analysis of phiAxp-3 against the National Center for Biotechnology Information database and multiple genome alignments showed that phiAxp-3 is related to two N4-like viruses (i.e., JWAlpha and JWDelta), indicating that phiAxp-3 is an N4-like phage (Fig. 3) . It is well-known that N4-like phages have linear genomes and terminal repeats, but the terminal repeats are usually not identical 20 . Additionally, it is important to verify experimentally the ends of the phage genome rather than relying on genome assembly programs 21 . Therefore, to determine whether the phiAxp-3 genome is linear or circularly permuted and whether the ends are fixed or variable, restriction enzyme analyses were performed. BlpI restriction enzyme digestion of phiAxp-3 DNA produced two distinct fragments, thereby indicating the presence of a single recognition site in the viral DNA, and four distinct fragments when cut with EagI, thereby indicating the presence of three sites in the viral DNA (Supplementary Figure 1a) . These findings clearly indicate that phiAxp-3 has a fixed linear genome structure without circular permutation. Terminal restriction enzyme fragments and primer walking experiments were used to determine the sequence of the phiAxp-3 genomic ends. The 5′ genomic end was predicted to be contained within a 3.5 kb BlpI fragment (Supplementary Figure 1b) ; hence, the gel-purified BlpI fragment was used as a template for sequencing reactions. Primer (P1), which was designed to read off the 5′ end of the genome, exhibited a detectable drop in signal intensity, indicating that the likely 5′ genome end had been reached. Sequencing from the predicted 3′ end, using the 3′ 5.4 kb EagI fragment and primer P2 (Supplementary Figure 1b) , produced the repeat region at the 3′ end. Therefore, the phiAxp-3 genome has direct terminal repeats of 416 bp and possesses no cohesive ends; this result is consistent with those described previously for JWAlpha and JWDelta phages 14 . An alignment of the direct terminal repeats of phiAxp-3 is very similar to those for JWAlpha and JWDelta (Supplementary Figure 2) . The terminal repeats in phiAxp-3 are 51 bp longer than that of JWAlpha (365 bp) and 4 bp shorter than that of JWDelta (420 bp). When the non-consecutive indels were removed, we found that they shared about 77% identity with those of JWAlpha and JWDelta. The additional 416-bp repeat means that the genome is 72,825-bp-long (GC content, 55.2%), rather than 72,409-bp-long (Supplementary Figure 1c) .
The order and arrangement of the open reading frames of the revised genome are the same as the previously sequenced version and were not affected by the reorganisation of the terminal regions of the genome. A total of 80 protein coding genes were predicted in the genome and ranged from 120 to 10,287 bp, 22 of which are leftward oriented while the others are rightward oriented (Fig. 4) . N4-like phages are a class of virulent Podoviridae phages and members of this group are lytic against their hosts 22 . The phiAxp-3 genome sequence shares 51.6% and 50.4% nucleotide identity with JWAlpha and JWDelta, respectively. The three phages were isolated from samples obtained from two locations that are geographically far apart (phiAxp-3 was isolated in China, JWAlpha and JWDelta were isolated in Germany) 14 . For comparison, phiAxp-3 shares 40.8% nucleotide identity with phage N4. JWAlpha and JWDelta share 96.6% nucleotide sequence identity. The overall architecture of N4 is shared among all phages of this group. Based on our analysis, the annotated proteins of phiAxp-3 can be categorised into the following functional groups: Transcription (RNA polymerase; RNAP1, RNAP2, vRNAP), DNA metabolism (HNH endonuclease, dCTP deaminase, thymidylate synthase), lysis inhibition (rllA, rllB), DNA replication (NTP-PPase, DNA helicase, DNA polymerase, DNA primase, ssDNA-binding protein), virion morphogenesis (structural proteins, tail protein, major capsid protein, tape measure protein, portal protein), host lysis (N-acetylmuramidase, holin) and DNA packaging (large terminase subunit) (Fig. 4) . No tRNA was identified in the phiAxp-3 genome; this indicates that upon entry into the host, the phage is completely reliant on the host tRNA for its protein synthesis. Table 2 shows a detailed comparison of phiAxp-3, N4, and JWAlpha and JWDelta proteins. In our analyses, 25 phage proteins were detected using LC/ESI/MS/MS, of which 10 had annotated functions (Table 3 ). Transcription module. Phage N4 employs at least three genes encoding RNAPs for the transcription of genes in different stages of its life cycle 23 . The most remarkable and highly conserved signature is the virion RNA polymerase (vRNAP), which is by far the largest protein described among all known phages 23 . vRNAP is packed into the capsid and is injected into the host cell together with phage DNA, which makes N4 the only known phage that does not depend on host RNAP for transcription of its early genes 24 . As an N4 like virus, phiAxp-3 also harbours three different RNAPs, suggesting the same transcription strategy as that used by N4. The large 3428 amino acid vRNAP (ORF54), which represents approximately 14% of the whole genome length of phiAxp-3, contains no cysteine residues. The vRNAP of phiAxp-3 shares amino acid 82% sequence identity with JWAlpha and JWDelta. Phylogenetic analysis of vRNAP from different N4 viruses revealed that phiAxp-3, JWAlpha, and JWDelta formed a separate clade from the other N4-like viruses (Fig. 5a ). Besides vRNAP, phiAxp-3 possesses two different RNA polymerase subunits for transcription of phage middle genes: RNAP1 (ORF14) and RNAP2 (ORF17). RNAP1 and RNAP2 are transcribed in the opposite direction to vRNAP. In the N4 genome the RNAP1 gene is followed directly by RNAP2, but in the phiAxp-3 genome insertions of two small genes (ORF15 and ORF16) occur between RNAP1 and RNAP2. This situation differs from JWAlpha and JWDelta as they encode two RNAP2 in their genomes 14 .
DNA metabolism. phiAxp-3 has three genes encoding proteins involved in nucleotide metabolism: an HNH endonuclease (ORF21), a deoxycytidine triphosphate (dCTP) deaminase (ORF32) and a thymidylate synthase (TS) protein (ORF38). These proteins each play a role in regulating some of the enzymes involved in DNA metabolism or replication 14 and are similar to homologous proteins from JWAlpha, JWDelta and N4. Homing endonucleases (HEs) are able to transfer genetic elements from an HE-encoding genome to an HE-lacking recipient to promote gene recombination in phages 25 . One HE family is the HNH endonucleases, which are small DNA binding and digestion proteins characterised by two histidine residues and an asparagine residue 26 . The phiAxp-3 HNH endonuclease contains an HNH_3 domain (pfam13392) predicted to possess HNH endonuclease activity. phiAxp-3 also possesses a dCTP deaminase with a conserved dcd (PRK00416) domain. Thymidylate synthase (TS) is essential for production of dTMP and is a key enzyme involved in DNA synthesis and transcriptional regulation in organisms 27 . phiAxp-3 TS contains a Thy1 (pfam02511) domain and appears to be flavin-dependent. A thioredoxin gene that has been reported in the genomes of JWAlpha and JWDelta is absent from the phiAxp-3 genome. DNA replication. DNA replication genes are concentrated in a region that stretches from ORF41 to ORF50 in phiAxp-3. They are separated from the structural module by a particularly large vRNAP gene. The DNA helicase (ORF42) present in phiAxp-3 possesses greater similarity to helicases from JWAlpha and JWDelta than the helicase from N4. The same situation also exists for DNA polymerase I (ORF44), DNA primase (ORF48) and the ssDNA binding protein, ssb (ORF50). The phiAxp-3 DNA helicase contains an AAA_30 (pfam13604) domain at the N terminal and a UvrD_C_2 (pfam13538) domain at the C terminal. This DNA helicase can probably be classified within the RecD-like helicase superfamily. The DNA polymerase I present in phiAxp-3 shares 81% similarity with those present in JWAlpha and JWDelta, while Ssb is involved in DNA replication/recombination and host RNA polymerase activation in late N4 transcription 23 . It has been reported that Ssb from most N4-like viruses is located next to the DNA primase 18 . However, in the phiAxp-3, JWAlpha, JWDelta and N4 genomes, there is a gene next to the DNA primase that encodes a protein with a similar size to that of the Ssb protein (200-250 amino acids), but this protein shares no amino acid similarity with the Ssb protein. Phylogenetic tree based on the virion RNA polymerase (a) and large terminase subunits (b) of N4-like bacteriophages for which genome sequences are available. The 26 virion RNA polymerase and large terminase subunits were compared using the ClustalW program, and the phylogenetic tree was generated with the neighbour-joining method and 1000 bootstrap replicates (CLC Genomics Workbench 6).
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Virion morphogenesis. Sequence-based predictions identified the following six ORFs involved in virion morphogenesis: two phage structural proteins (ORF55 and 56), phage tail protein (ORF58), major capsid protein (ORF60), tail tape measure protein (ORF61) and portal protein (ORF63). The morphogenesis-related proteins are similar to those found in JWAlpha, JWDelta and N4. Portal proteins, which have molecular masses between 40 and 90 kDa, are not well conserved 28 . Accordingly, the phiAxp-3 portal protein is 760 amino acid residues in length, which corresponds to an 85 kDa molecular mass. Although tape measure proteins act as scaffolds for assembly of the phage-tail in Myoviridae and Siphoviridae members 23 , the presence of tape measure proteins in Podoviridae phages is not unusual.
Lysis and lysis inhibition. In the phiAxp-3 genome downstream of the structurally clustered genes involved in cell lysis, we identified two ORFs located contiguously that encode a predicted N-acetylmuramoyl-L-alanine amidase (ORF65) and a putative phage holin (ORF66). These two proteins are required for host cell lysis and the release of new virions at the end of the lytic cycle 12 . The presence of a lysis gene but no lysogeny-related gene indicates that bacteriophage phiAxp-3 is a lytic bacteriophage. The putative amidase, predicted to be a 210-amino-acid protein, is presumably involved in cleaving the amide bond between N-acetylmuramoyl and the L-amino acid in peptidoglycan 12 . The predicted holin protein gene encodes a 95-amino acid molecule responsible for controlling the timing of lysis. It was assigned as a class II holin with two transmembrane domains. phiAxp-3 rIIA-like (ORF39) and rIIB-like (ORF40) proteins, which might play roles in lysis inhibition, are located upstream of the replication cluster. These types of protein were first described in phage T4, where the rI gene was found to somehow be able to detect superinfection at any point until just before the normal time of lysis and was also able to delay lysis for several hours 29 .
DNA packaging. We were only able to identify the large subunit of the terminase (ORF72) used for DNA packaging in phiAxp-3. The large terminase subunit shares high amino acid sequence similarity with JWAlpha and JWDelta, and probably uses the same mechanism for packaging as other N4-like phages. Large terminase protein sequences have been used to construct phylogenies and decipher evolutionary relationships among phages belonging to different families 30 . Clustering of the amino acid sequences of the large terminase proteins encoded by phiAxp-3 with the other N4-like bacteriophages for which genome sequences are available 31 , clearly placed phiAxp-3 within the branch of JWAlpha and JWDelta (Fig. 5b) .
Host receptor identification.
Phage infection is dependent on the presence of an attachment site on the host cell surface and any exposed component of the cell surface can potentially act as a receptor 32 . As a Gram-negative bacterium, the exposed surface of A. xylosoxidans consists essentially of a complex of lipopolysaccharide (LPS) and proteins 32 . Thus it is important to determine whether LPS and proteins are recognisable by phages during infection. To identify the host receptor for phiAxp-3, the outer membrane proteins and the carbohydrate structure of the A. xylosoxidans cell surface were destroyed by proteinase K and periodate, respectively (Fig. 6a,b) . The results revealed that the absence of carbohydrate structure inhibits phage propagation, suggesting that phiAxp-3 uses the bacterial LPS layer as its specific receptor. The results were confirmed by the phage inactivation assay performed with pure LPS isolated from strain A22732. The experiments revealed a direct correlation between LPS concentration and inhibition of viral particle infectivity (Fig. 6c) . LPS at 25 μg per ml was needed to inhibit the activity of 3.2 × 10 4 pfu phiAxp-3 by 50%, while LPS at 800 μg per ml resulted in 89% inactivation of phiAxp-3.
Concluding remarks. In this study, we have presented the characteristics of phiAxp-3, a lytic phage that was found to infect clinical isolates of A. xylosoxidans. We propose that phiAxp-3 is assigned to the Caudovirales order (Podoviridae phage family) based on its morphological features and genomic characteristics. Characterisation and analysis of genome structure and gene function are necessary steps before bacteriophages can be approved as therapeutic agents. According to the overall genomic organisation and sequence similarities revealed herein, we suggest that phiAxp-3 is classified as the N4-like phage group. In its 72,825 bp linear DNA genome, phiAxp-3 has fixed ends with direct terminal repeats of 416 bp. Phage phiAxp-3 is genetically related to the N4-like phages JWAlpha and JWDelta, and phylogenetic analysis of its RNAPs and large terminase subunits supports this assignment.
The phage infection process begins with the adsorption of the phage to the bacterial receptor, which is present on the cell surface 33 . Exploration of the receptors used by phages is essential for understanding the processes underlying phage lysis and for research on phage therapy. Analysis of the phiAxp-3 putative cell wall receptor revealed that phiAxp-3 recognises LPS as its primary receptor for adsorption, thereby accounting for the specificity of its interactions with its host bacterium. Although bacteria can develop resistance to their viral predators, finding new phages that can kill drug-resistant bacteria is not difficult, because phages continually evolve alongside mutated bacteria 10 . LPS acts as an important virulence factor for A. xylosoxidans 34 , and receptor mutated strains will be avirulent or attenuated. Furthermore, phage cocktails, containing different types of phages, can effectively prevent bacteria from developing resistance to phages 10 . Facing the emerging threat from multi-drug resistance A. xylosoxidans, the lytic power of phiAxp-3 combined with its specificity for A. xylosoxidans makes phiAxp-3 an appealing agent for therapeutic or disinfection applications.
Methods
Bacterial strains and growth conditions. All bacterial strains (including the phage indicator strain and the strains used for host range identification) were grown at 37 °C in Luria-Bertani (LB) broth. To isolate and purify the phages, the A. xylosoxidans strain A22732 was used as an indicator strain to reveal the presence of phages in the hospital sewage collected from the Second Artillery General Hospital of Chinese People's Liberation Army (Beijing, China), using the double agar overlay plaque assay described previously for the isolation of lytic Scientific RepoRts | 6:24776 | DOI: 10.1038/srep24776 phages 35 . Plaques picked from agar plates were placed in 5 ml of LB broth and incubated with 0.3 ml of an overnight culture of the host strain. Incubation at 37 °C was performed until lysis of the culture was complete. The host range of the phages were examined using 35 clinical strains of different bacterial species stored at our microorganism centre using standard spot tests 36 .
Transmission electron microscopy. One drop of purified phiAxp-3 particles was adsorbed to a 230-mesh Formvar/carbon-coated copper grid for several minutes, followed by staining with 2% (wt/vol) phosphotungstic acid (pH 7). Samples were examined with a Philips EM 300 electron microscope operated at 80 kV.
One-step growth curve. Mid-exponential growing cultures of A. xylosoxidans A22732 cells were harvested and suspended in LB broth. Phages were added at a multiplicity of infection of 0.1. At 10-min intervals over 140 min, aliquots from each dilution were collected for phage counts 37 . Latent period, burst time and burst size were calculated from the one-step growth curve, as described previously 38 . Measurement of the duration of a phage's latent-period was accomplished by detecting the delay between phage adsorption of a bacterium and the liberation of phage virions 39, 40, 41 . We calculated the burst size from the ratio of the final count of liberated phage particles to the initial count of infected bacterial cells during the latent period.
Stability studies. We assayed phage stability in LB broth at pH values ranging from 1 to 14, after incubation for 60 min at 37 °C, and the phages that survived were diluted and counted immediately. Seven temperatures (4, 25, 37, 50, 60, 70 and 80 °C) were selected to study the thermal tolerance of phiAxp-3 in LB broth at 15-min sampling intervals. Biocide resistance was determined using the common biocides ethanol (10%, 50%, 75% and 95% v/v) and isopropanol (10%, 50% and 95%) at 30-min intervals for sampling. The influence of Ca 2+ and Mg 2+ on phage lysis was investigated by incubation (37 °C) of infected A. xylosoxidans A22732 in LB agar with and without CaCl 2 or MgCl 2 (0, 5, 10, 15, 20, 25 and 30 mmol/l). Plaque formation was investigated using the double-layer plate technique. We expressed the results as a percentage of the initial viral counts.
DNA isolation and genome sequencing. Genomic DNA was extracted from purified phage particles with phenol-chloroform (24:1, vol/vol) method described previously 15 . Whole-genome sequencing of the phiAxp-3 phage was performed with an Illumina HiSeq2500 sequencer. The reads were assembled using the CLC genomics Workbench de novo assembly algorithm (CLC bio, Cambridge, MA). The BLASTP program was used to search putative homologies and proteins sharing similarities with predicted phage proteins (http://www.ncbi. nlm.nih.gov/BLAST/). Sequence alignment and phylogenetic analysis were performed using ClustalW (Slow/ 
